Insertion and deletion mutagenesis of the two virion-sense genes, V1 and V2, of maize streak virus (MSV) prevents symptomatic infections following Agrobacteriummediated 'agroinoculation' of maize seedlings. These genes code for an Mr 10900 protein and for coat protein, respectively. Mutants containing insertions or deletions in the coat protein gene, V2, were able to replicate to low levels, producing dsDNA although virion ssDNA was not detected and symptoms were not observed. Hence, unlike the bipartite geminiviruses, MSV requires coat protein to produce symptomatic systemic infection. Mutations in gene V1 which considerably shortened the Mr 10900 protein (V1 gen¢) resulted either in low levels of replication, in which all the DNA forms associated with a wild-type infection were produced, or in no infection, in which case coat protein production may also have been affected. A V1 mutant generated in vivo with 11 of the 14 N-terminal amino acids altered, was viable and produced symptoms typical of a wild-type infection. Infectivity, assessed by replication and symptom expression, was restored by co-inoculating constructs containing single mutations in different open reading frames, thus rescue can occur by transcomplementation of gene products. The experiments showed that the mutations did not affect the nucleotide sequence requirements for replication and that in all cases intermolecular recombination eventually resulted in dominant wild-type virus.
INTRODUCTION
Maize streak virus (MSV) is a Icafhopper-transmitted geminivirus. It has a monopartite gcnomc of ssDNA, comprising 2687 nucleotides (Mullineaux et al., 1984) . Cloned tandem dimcric copies of the gcnomc are infectious when inoculated into maize plants using the DNA transfer mechanism of Agrobacterium tumefaeiens, a process termed agroinfection Hohn et al., 1987) . The gcnome organization of MSV is similar to that of other geminiviruses (Stanley & Davies, 1985; Lazarowitz, 1987) with major open reading frames (ORFs) divcrging from a large intergcnic region and a bidirectional pattern of transcription (Morris-Krsinich et al., 1985) . Of the seven potential ORFs (Fig. I) only four, two in the virionsense, VI and V2, and two in the complementary sense, CI and C2 (for nomenclature see Davies & Stanley, 1989) , are thought to bc cxpressed since the remainder arc not conserved between monopartite geminiviruses (Lazarowitz, 1987 (Lazarowitz, , 1988 Mullineaux et al., 1988) . The protein products encoded by two of the genes, VI and V2, have bccn detected (Morris-Krsinich et aL, 1985; Mullineaux et al., 1988) ; V2 encodes the coat protein but the function of the Mr 10900 (10"9K) product of gene VI is unknown. Product(s) of the two complementary sense ORFs, CI and C2, have not yet been detected. In no other geminivirus has any product other than the coat protein bccn detected. This includes gcminiviruses which are transmitted by whiteflies, possess bipartite genomcs and infect dicotylcdonous plants (Stanley, 1985) .
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To date, three other geminiviruses which infect the Gramineae have been sequenced: wheat dwarf virus (WDV; MacDowell et al., 1985; Woolston et al., 1988) , digitaria streak virus (DSV; Donson et al., 1987) and chloris striate mosaic virus (CSMV; Andersen et al., 1988) . Each of the four predicted coding regions of MSV shows a high level of direct amino acid homology with their counterparts in these other viruses. The least conserved is V1, which shows homologies of between 33~ and 38~o for WDV and DSV, respectively; the dicotyledon-infecting geminiviruses do not contain an analogous ORF. Coat proteins show significant amino acid conservation between viruses transmitted by similar or identical vectors, suggesting a role in insect transmission for the V2 product (Roberts et al., 1984; . Although the Gramineae-infecting geminiviruses are transmitted by different leafhopper species, coat protein similarities of 35 % (WDV), 57 ~ (CSMV) and 63 ~o (DSV) exist. The homology (approx. 30~) maintained between MSV and the whitefly-transmitted viruses may be due to the necessity for a common DNA packaging conformation. The most highly conserved MSV ORFs (C1, 31.4K and C2, 17.8K) show amino acid homologies between 41 and 69~ within the Gramineae-infecting geminiviruses and also homology with the N-and C-terminal domains of the 40.9K (CI) ORF of beet curly top virus (BCTV) and the equivalent ORFs of the bipartite, whitefly-transmitted geminiviruses, African cassava mosaic virus (ACMV; synonym, cassava latent virus and tomato golden mosaic virus (TGMV). Since extensive evidence Rogers et al., 1986; Brough et aL, 1988; Elmer et al., 1988) shows that in the bipartite geminiviruses this gene codes for a protein essential for DNA replication, similar functions can be inferred for MSV products C1 and C2.
For the bipartite geminiviruses, the coat protein and its coding region have been found to be dispensable for viral DNA replication. Mutants of ACMV having substantial deletions in the coat protein gene are still able to replicate, spread systemically and produce symptoms typical of a normal virus infection Etessami et al., 1989) and have enabled the construction of coat protein-replacement vectors for the expression of foreign proteins in plant cells (Ward et aL, 1988) .
At present no information is available on the gene functions and requirements for infectivity of monopartite geminiviruses, but since some of these infect the economically important members of the Gramineae (Damsteegt, 1983) it is timely to determine whether the coat protein or other genes may be replaced to allow the expression of foreign genes in these crop plants. We have constructed in vitro insertion and deletion mutants of the two virion-sense genes, V1 and V2, to determine whether these are required for symptomatic infection of maize plants.
METHODS
Construction of clones.
DNA manipulations were carried out as described in Maniatis et al. (1982) , unless otherwise stated. All plasmids were transformed into Escherichia coli JM83 recA.
A full-length clone of an infectious MSV genome (pMSV10) and a tandem multimer, pMSV281 (1-55 genome copies), in pBIN19 have been described previously (MuUineaux et al., 1988; Boulton et al., 1989) . Clone pMSV109, a tandem dimer of the MSV genome in pBIN19, was derived from pMSV10 following release of the MSV sequences by digestion with BamHI. The monomer was purified from an agarose gel and cloned directly into BamHI-linearized pBIN19 (Bevan, 1984) . Clone pMSV109 was shown to be infectious in maize plants following conjugation into Agrobacterium tumefaciens strain C58 as described previously (Boulton et al., 1989) . This clone produces narrow chlorotic streaks in maize plants, typical of MSV isolate M(N)M-MI described by Pinner et al. (1988) . Clones pMSVI0 and pMSV281 were used to construct mutant MSV genomes.
The position of restriction endonuclease sites within the MSV genome are indicated in Fig. 1 and refer to those of the wild-type DNA sequence (Mullineaux et aL, 1984) . The 18 bp fragment containing a universal translation terminator (UTT) and a HpaI site, and its use to produce mutant pMSV218 has been described elsewhere . Partial digestions were carried out with restriction enzymes which cleaved at multiple sites and where necessary the linearized DNA was recovered from an agarose gel, rendered blunt-ended using T4 DNA polymerase and the molecules were recircularized either directly or after the addition of the UTT. T4 DNA polymerase treatment resulted in the loss of four nucleotides in the case of KpnI-and BstXI-digested molecules, and a gain of four nucleotides following NcoI digestion (Table 1) .
Site-directed mutagenesis was carried out according to the method of Zoller & Smith (1984) using the 2-7 kb BamHI fragment of MSV isolated from pMSV10 subcloned into M13mpl9. For the production of the PstI and NruI sites, the sequences of the oligonucleotides used were 5' ATGGTGGTCCCTGCAGGCTGGAGTG 3' and 5' AACCCACTCGCGAACTTG Y, respectively. The integrity of all mutations was confirmed by subcloning fragments into appropriately linearized MI3 vectors to allow their sequence determination by the dideoxynucleotide chain termination technique of Sanger et al. (1977 Sanger et al. ( , 1980 .
With the exception of pMSV350 and pMSV355 where the 1.55-mer pMSV281, was used, each mutant was excised as a BamHI fragment, gel-purified and ligated directly into pBIN 19. Tandem dimer inserts were chosen for mobilization into A. tumefaciens and for subsequent inoculation. The designation of the clones used for inoculation is shown in Table 1 .
Plant inoculation. Zea mays L. cv. Golden Cross Bantam was grown and agroinoculated as described by Boulton et aL (1989) , using bacteria harvested from a 3-day-old plated culture, resuspended in sterile distilled water. For complementation studies the two constructs in Agrobacterium were cultured separately and mixed immediately before inoculation. In all experiments, a wild-type MSV construct, pMS'V109, was inoculated as a control and a number of plants were inoculated with Agrobacterium containing pBIN19 without an MSV insert.
Analysis of inoculated plants Analysis ofDNA. At various times following inoculation, tissue from around the inoculation site, or distal to it, was sampled using a cork borer, and was used for spot hybridization following the procedure of Maule et al. (1983) . Remaining tissue was stored at -20 °C for subsequent analyses. Total nucleic acids were extracted essentially as described by Hamilton et al. (1982) , except that the aqueous phase was adjusted to 1% (w/v) SDS before phenol extraction. Analysis by agarose gel electrophoresis followed digestion, where necessary, with appropriate restriction endonucleases. For the analysis of progeny genomes present in plants A to D, which were co-inoculated with heterologous mutants, samples of DNA were digested with HaelI, KpnI and HpaI alone and also in double digestions with HaelI plus HpaI and Kpnl plus HaelI. DNA from plant E was digested with KpnI and NcoI and also with KpnI plus NcoI. Relative proportions of the molecules present were assessed visually following autoradiography. Electrophoresis was carried out using 1 ~ (w/v) agarose in TAE buffer (40 rn~-Tris-acetate, 8 raM-sodium acetate, 1 mM EDTA pH 7.9). DNA was depurinated by soaking the gels in 0-25 M-HC1 for 10 min before Southern blotting and hybridization using a high specific activity (> l x 109 d.p.m./~tg DNA) 32p-labeUed probe prepared from a fullqength BamHI fragment of MSV DNA using the random priming method of Feinberg & Vogelstein (1983) . Unless otherwise stated, insertions and/or deletions within progeny viral DNA were characterized by the cloning of BamHI-digested total plant DNA into BamHI-linearized M13mpl8 or mpl9 followed by identification of MSV-specific clones by plaque hybridization. Only those clones containing a fulllength (2.7 kb) MSV insert were used for subsequent subcloning into appropriately linearized M13 vectors.
Analysis of virus and coat protein. The presence of virus particles in extracts of inoculated plants was investigated by immunosorbent electron microscopy (ISEM; Roberts et al., 1984) using antiserum raised in rabbits against purified MSV (Morris-Krsinich et al., 1985) . For the immunological detection of coat protein the antiserum was cross-absorbed against a freeze-dried powder of healthy maize tissue. Tissue samples were subjected to SDS-PAGE followed by protein transfer to nitrocellulose filters using a Biometra fast blot electroblotting apparatus. Immunoblots were probed according to Berna et al. (1986) , except that alkaline phosphatase-conjugated goat anti-rabbit IgG serum (Sigma) was used as the second antibody for detection of specific reactions.
To determine whether progeny virus was insect transmissible, the leafhopper vector of MSV, Cicadulina mbila, was given access to test plants and then transferred to healthy plants essentially as described by Pinner et al. (1988) . Twenty to 40 insects were used for each test.
RESULTS
In vitro mutagenesis of MSV
The designation of the mutant clones used for inoculation, the sequence in the mutated region of each clone, and the effect on the translation of the ORFs are shown in Table 1 . As a result of in vitro mutagenesis the potential polypeptides encoded by all the mutants, except pMSV355 and pMSV352, were considerably shortened. In pMSV355, 231 of the 244 amino acids of the wildtype protein may be produced but an additional eight amino acids may be translated following the frameshift mutation to give a product terminating at position 1028. In pMSV352, the size of the product was maintained but two amino acids were changed (Table 1) .
Mutations introduced into the V1 gene did not affect any other ORF whereas all of those in V2 also affected the potential, but non-conserved ORF C3 due to the almost complete overlap of gene V2 with ORF C3 (see Fig. 1 ). The mutations introduced at the NcoI (pMSV355) and the BstXI (pMSV350) sites also affected non-conserved ORFs V3 and C4, respectively.
An additional mutant was obtained in an experiment in which pMSV220 was co-inoculated with pDS2, a wild-type DSV clone (M. Boulton, unpublished results In vivo generated mutant derived from pMSV220, but GT replaces CA at coordinates 8 and 9 and C is inserted at position 6 Table 1 .
Description of plasmids
Sequence alteration* was obtained following insect transmission with C. mbila and the clones isolated from these plants were shown to have maintained their four nucleotide deletion in the V1 gene but to have undergone an upstream single nucleotide insertion and a two nucleotide substitution compared with wild-type molecules. These changes were in a region in which the nucleotide sequences of three strains of MSV do not show heterogeneity. A dimer, derived from these molecules cloned at the BamHI site in pBIN19 (pMSV368), was used in the infectivity experiments.
Infectivity of mutant clones by agroinoculation
Infectivity of mutant MSV clones
Previous experiments have shown that agroinoculation using pMSV109 results in symptoms typical of a natural MSV infection 7 to 20 days following inoculation . Maize plants inoculated with mutant constructs were examined for symptoms alongside pMSV109-inoculated control plants and, in some cases, control plants inoculated with A. tumefaciens containing pBIN19 without an MSV insert. Mutants were rated as non-infectious or asymptomatic if plants had not developed symptoms within 40 days. Additionally, each mutant was agroinoculated on several occasions and tissue from some plants in each batch was sampled at several times (12, 21 and 35 days) after inoculation. Mutants were confirmed as being noninfectious when no viral DNA could be detected by spot hybridization anlaysis of the plant tissue using a 32p-labelled MSV-specific probe. The results obtained following spot hybridization and subsequent analyses of plants showing positive reactions are presented in Table 2 .
Insertion of the UTT fragment of 18 bp at the KpnI site of gene V1 so that the ORF could encode a polypeptide of only 12 amino acids has been shown to destroy infectivity . Similar constructions in which 16 or 17 bp fragments were inserted also resulted in a loss of infectivity (pMSV215 and pMSV216, Table 2 ). However, pMSV220 containing an outof-frame deletion of 4 bp was infectious; MSV DNA was detected in tissue distal to the inoculation site. This clone was less infectious than a wild-type inoculum (six/42 plants compared with 16/20) and did not elicit MSV symptoms. Southern blot analysis of DNA extracted from plants infected by pMSV220 revealed all the ss-and dsDNA forms normally present in plants following agroinoculation with wild-type MSV clones, and confirmed the destruction of the KpnI site at position 34 in the progeny molecules (Fig. 2, lanes 1 to 6) .
Nucleotide sequence analysis confirmed the maintenance of a 4 bp deletion in the progeny molecules and no other changes within the V10RF. This mutant replicated to reduced levels in all plants in which MSV DNA had been detected, accumulating DNA to approximately 0.02 to 0.5% of the amount made in a wild-type infection. MSV coat protein was detected by immunoblotting in extracts from the two plants supporting the highest levels of replication. Coat protein concentrations were proportional to the levels of infection estimated by Southern blotting. However, I S E M examination of sap from these plants failed to show geminate particles, and insect transmission of virus from these plants was unsuccessful.
The V1 mutant generated in rico, pMSV368, (see Table 1 ) gave a symptomatic infection, with streaks present on all leaves. The time taken for symptoms to appear was the same as with wildtype inoculum and the progeny virus was transmitted efficiently by C. mbila. The theoretical amino acid sequence at the N terminus of the modified V1 product in this mutant has 11 of the first 14 amino acids altered (Table 3) . Computer prediction of the two-dimensional protein conformation (Chou & Fasman, 1974) of this portion of the 10.9 K product shows the loss of a short region of/J-pleated sheet and the introduction of two turns and a short hydrophobic region in the mutated protein.
Plasmid pMSV109 (wild-type) pMSV368 (V1 mutant) Table 3 . Effect of the mutation in pMSV368 on the amino acid sequence of the V1 product* Translation of the 1.05 kb mRNA encoding the V1 products
--UCA--GCC--GCG GCU--ACA... * The mutation affects only the first 14 amino acids.
Insertion of the UTT into the KpnI site at nucleotide 627 in gene V2 (pMSV214 , Table 1 ), would allow expression of only a truncated polypeptide (approx. 12 K). This mutant was unable to elicit symptoms although tissue from approximately 20~ of the plants (Table 2) showed very weak positive reactions following spot hybridization, predominantly in samples from around the inoculation site. In three plants however, hybridization was detectable distal to this area. Southern blot analysis confirmed the presence of very low levels of MSV-specific material which co-electrophoresed with ds forms present in a wild-type infection (Fig. 2, lanes 7 and 8) . In all cases levels were less than 0.02~ of those seen in normal infections and ssDNA was not detected. The larger DNA species (arrowed in Fig. 2, lane 7) is also seen in wild-type infections (Fig. 2, lane 8) , and is thought to be a multimeric form of MSV DNA; dimeric forms of ACMV have been reported by Stanley & Townsend (1985) . The molecule does not hybridize to a probe specific for pBIN19. Similar dsDNA forms were made following inoculation with pMSV355, although amounts of the monomeric supercoiled form were always low.
More conservative mutations within the V2 gene have proved to be less detrimental to infection. Site-directed mutagenesis of V2 to produce new restriction sites (NruI and PstI) at positions equivalent to those found in the coat protein gene of DSV (see Table 2 ) resulted in typical disease symptoms and DNA forms typical of those seen in infections by wild-type MSV and progeny virus was transmissible by C. mbila. Symptom development time was not affected, nor was replicative efficiency of the virus, assessed by Southern blotting of total nucleic acid (data not shown).
Complementation between mutants
Co-inoculation of all combinations of mutants with alterations in different genes resulted in some plants showing disease symptoms. Tissue from all plants inoculated in these experiments was screened by spot hybridization, however only those showing symptoms gave hybridization levels greater than 0-5~ of a wild-type infection.
Three (plants B, C and D) out of 52 maize seedlings inoculated with pMSV214 + pMSV215 or -218, showed symptoms within 13 days. From 24 plants inoculated with pMSV214 + pMSV220, symptoms appeared in only one (plant A) 15 days after infection, and also in one out of 19 plants inoculated with pMSV220 + pMSV355 (plant E). In no case were symptoms significantly delayed compared with plants inoculated with the wild-type construct pMSV109. Symptoms were identical to those seen in the control plants, with the exception of plants A and B where streaks were initially less profuse, although their severity increased with time.
In order to determine whether infection was due to recombination or complementation, total nucleic acid was extracted from each plant and analysed by a series of restriction endonuclease digestions and Southern blotting. Fig. 3 shows the Southern blot analysis of DNA extracted from plant A 18 days after inoculation, and plant D 28 days after inoculation. In plant A, the presence of only one KpnI site in all molecules showed the absence of wild-type genomes; additional digests confirmed the presence of the mutant genomes predicted to arise from the inocula. Plant D, however, contained molecules with two KpnI sites and no HpaI sites; further digests confirmed the presence of only wild-type molecules. Comparison of the ssDNA in these two plants showed that a markedly reduced amount was produced in A compared with D and wild-type infections; furthermore, the levels were proportionately low with respect to the amount of d s D N A produced. Total levels of virus-specific D N A were also reduced by approximately 50~o in plant A compared to control infections. Southern blots of nucleic acid extracted 6 weeks after inoculation of plant A (data not shown) revealed the presence mainly of wild-type molecules and a maximum of 1 ~ of mutant molecules derived from pMSV220. Extractions performed 3 weeks later (9 weeks post-inoculation) showed the presence of wildtype molecules only. In both of these later samples the forms were at a level typical of that seen in control plants. Eighteen days after inoculation plants B and C showed not only variable amounts of wild-type D N A but also the presence of both mutant molecules. Fig. 4 summarizes the MSV progeny molecules identified in plants A, B and C 18 days after inoculation and plant D, 28 days after inoculation. For reference, the progeny molecules predicted to arise from the inoculated plasmids are also shown. Plant E, harvested 24 days after inoculation, contained mainly wildtype molecules with a small proportion of VI mutant genomes present (data not shown). In order to confirm that the complementation between mutants occurred in the absence of wild-type molecules, D N A from plant A was digested with XhoI, cloned into the SalI site of M 13mpl 9 and transformed into E. coli J M 101. All of the 37 MSV-specific clones obtained possessed a single KpnI site. Three of these clones were selected, one containing the mutated V2 gene and two containing the mutated V1 gene. Nucleotide sequence analysis confirmed that the original mutations had been maintained. In order to obtain an estimate of the lower limit of detection of wild-type DNA in extracts from plant A, reconstruction experiments were undertaken. Addition of DNA from a wild-type infection to the DNA from plant A showed that levels below 1 ~o of total viral DNA would have been detected by Southern analysis. These data provide additional evidence for trans-complementation of gene functions.
Immunoblotting confirmed the presence of coat protein in all symptom-bearing plants. Electron microscope examination of the sap of plant A by negative staining revealed a large number of geminate particles 21 days after inoculation which confirmed the encapsidation of mutant molecules. Insect transmission studies on plants A and B, also undertaken 21 days after inoculation, resulted in all insect receptor plants exhibiting normal MSV symptoms. Southern blot analysis of the restriction endonuclease-digested DNA from four of these plants (two infected following leafhopper transmission from plant A, and two from plant B) showed that only wild-type molecules were present.
DISCUSSION
With the exception of pMSV352, mutations within the coat protein gene, V2, resulted in a disruption of the normal infection cycle. Plants did not show symptoms but the low level of MSV-specific dsDNA present in a few plants suggested that at least part of the replication cycle could take place, although no ssDNA was seen. Presumably ssDNA was either not produced, or was produced only at levels below the limits of detection or was produced but degraded (encapsidation may be necessary to prevent its digestion by nucleases). Alternatively, the unencapsidated form may rapidly be converted to the ds form. The necessity for the V2 product to produce a competent infection is in marked contrast to results obtained with the bipartite geminiviruses, ACMV and TGMV where the coat protein is dispensable for replication and systemic spread. ACMV mutants retain their ability to produce severe symptoms (Etessami et al., , 1989 Ward et al., 1988) whereas TGMV deletion constructs elicited attenuated symptoms (Brough et al., 1988; Gardiner et al., 1988; Hayes et al., 1988) . Single-stranded DNA was observed in plants infected with the TGMV mutants but with the ACMV mutants it was either scarce or not present in N. benthamiana plants, suggesting that accumulation of the coat protein may have a regulatory effect on the switch from the synthesis of dsDNA to ssDNA Ward et al., 1988) .
The V 1 (10.9 K) product has also been shown to be necessary for symptomatic infection. The infectivity of cloned MSV DNA was abolished by the insertion of a 16 to 18 bp fragment into the destroyed KpnI site at position 34 in gene V1 (pMSV215, -216 and -218, Table 1 ) whereas some symptomless infectivity was maintained with the deletion of four nucleotides at this site. These mutations should each allow the production of a truncated polypeptide containing only the Nterminal 12 amino acids of the normal protein product. The differing results obtained with the insertion and deletion mutants indicates that the loss of infectivity must be due to the insertion per se, since compensatory changes have not been identified elsewhere in the V1 gene of pMSV220. The overall addition of up to 14 nucleotides to the genome size does not directly inhibit replicative ability since the replication of VI mutants (pMSV215 and pMSV218) and pMSV214 which contains an additional 13 bp inserted into the V2 gene, has been demonstrated in the complementation experiment. In addition, larger insertions into the genome of ACMV Ward et al., 1988) or TGMV do not prevent replication, systemic spread or development of disease symptoms. The insertion could, however, interfere with the expression of other genes, for example the coat protein gene, V2, which is shown in this paper to be necessary for a symptomatic infection. The 'core' promoter region which drives transcription of the major (0-9 kb) virion-sense transcript extends both 5" and 3' of the mutated region, from coordinates 2569 to 163 (Fenoll et al., 1988) . Although the sequence directly around the KpnI site has not been shown to be important for transcription of V2, it may be that an insertion (furthermore an AT-rich insertion) at this site is lethal whereas the 4 bp deletion in pMSV220 can be tolerated, but reduces transcriptional efficiency. The presence of coat protein in plants infected with pMSV220 confirms that the transcription of the V2 gene occurs but since the levels are low, does not exclude a reduced transcriptional efficiency. Furthermore, since it is not known whether low levels of a modified V1 protein are produced following infection with pMSV220, perhaps by some compensatory mechanism (e.g. ribosomal frameshifting), the effect of this product on V2 expression and on replication itself must remain uncertain. However, the restoration of a symptomatic infection following inoculation of the mutant (pMSV368) generated in vivo in which the majority of the V1 coding potential has been restored, confirms that the N terminus may be modified. The maintenance of the hydrophobic region extending between residues 32 and 52 may, however, be essential since this is conserved within all the Gramineae-infecting geminiviruses.
Since low levels of replication are obtained with the V1 mutant pMSV220 and with the V2 mutant pMSV214 it is tempting to speculate that either of these products may be required for spread of the virus, rather than for its replication. It is not known whether the Gramineaeinfecting geminiviruses require a cell-to-cell spread function since they probably replicate in dividing cells in, or around, the meristematic area and therefore will be found throughout the plant following division and elongation of originally infected cells. The presence of mutant progeny distal to the inoculation site may therefore be due to the agroinoculation method which presumably results in the infection of cells close to the meristem. It is therefore not possible to discuss any gene product in relation to spread functions. As no protoplast system is available for MSV the replication efficiency of the mutants in single cells cannot be determined. However, the presence of large deletions in the V2 gene of WDV does not affect its replication efficiency in Triticum monococcum protoplasts (C. Woolston, unpublished data). Recent work (R. W. Briddon et al., unpublished data) has shown that a mutant containing a 4 bp deletion within the coat protein gene of the leafhopper-transmitted geminivirus BCTV is able to replicate in protoplasts of Nicotiana tabacum, but not in host plants.
Analysis of the complementation experiments shows that the mutations introduced at the KpnI and NcoI sites of the coat protein gene and at the KpnI site of the V1 gene did not affect their ability to replicate. Results obtained from plant A, co-inoculated with heterologous mutants (V1 mutant with a four nucleotide deletion, and the V2 mutant containing the UTT at the destroyed KpnI site) showed that shortly after inoculation and symptom production, transcomplementation of V1 and V2 functions could take place. Both mutants replicate at similar efficiency in the absence of wild-type DNA although DNA levels were less than those seen in wild-type infections. In this plant (A) the level of ssDNA was disproportionately low with respect to the level of dsDNA and compared with those seen in wild-type infections. This did not appear to be due to an inability of the DNA to be encapsidated since electron microscope examination undertaken 3 days after sampling for Southern digestion revealed the presence of large numbers of geminate particles and it is unlikely that these were all due to an increasing proportion of wild-type molecules. The reduced levels of ssDNA seen in this plant may result from the ability of only half of the mutant molecules to produce coat protein thus limiting encapsidation of the virion DNA and allowing its degradation. Alternatively, the reduced amount of coat protein may cause down-regulation of ssDNA production. The levels of wildtype DNA in these plants increased later in the infection presumably due to a replicational advantage of the wild-type molecules over the mutant genomes. Only small numbers of these molecules would have been required to result in the wild-type infections seen in receptor plants following insect transmission.
The presence of wild-type molecules in all five plants analysed following the complementation experiments confirms that recombination between near-homologous geminiviruses is a frequent occurrence. Relatively high levels of recombination have been seen with other geminiviruses, for example following co-inoculation of mutant ACMV constructs Etessami et al., 1988); Brough et al. (1988) also reported recombination following mutant rescue experiments with TGMV.
In none of the plants co-inoculated with a VI mutant containing the UTT insertion and a coat protein mutant was complementation of the V1 mutant detected in the absence of wild-type molecules. This suggests that these VI mutants may be severely compromised for the production of coat protein and therefore unable to complement the V2 mutant, and this may also account for their inability to replicate alone in plants.
The infectivity of mutants containing more conservative mutations in the V 1 gene shows that it should be possible to use more subtle alterations in order to determine the active sites and functions of the gene product. Similarly, the more conservative mutation in the V2 gene (pMSV352) has shown that modifications resulting in amino acid changes may be tolerated and the progeny virus assessed for replicative efficiency, encapsidation, systemic spread, symptom development and insect acquisition and transmission. Already, it has been shown that the modifications do not affect insect vector specificity since alteration of the amino acids to those present in DSV, which is transmitted by a different leafhopper vector, did not change the insect specificity.
The requirement for the expression of the coat protein gene for a normal systemic MSV infection in maize suggests that the construction of high copy number coat protein gene replacement vectors for inoculation into cereals will not be straightforward. If the low level of replication seen with MSV mutants in plants reflects a need for the coat protein for spread rather than for viral replication, this limitation may be overcome by the infection of protoplasts or cell cultures capable of regeneration, where the presence of virus in all, or most, cells would ensure higher levels of expression. Alternatively, the demonstration that complementation of gene functions in trans is possible provides the opportunity for expression of foreign gene insertions especially if the recombination potential could be reduced. This could be achieved by the use of related, but less homologous molecules for mutant rescue or by the introduction of appropriate selection pressures for maintenance and expression of the inserted gene.
Note added inproof While this paper was in press similar conclusions were published by Lazarowitz et al. [(1989) 
